Abstract By means of thermogravimetric analysis (TGA), influences of organic acids such as citric acid, oxalic acid and tartaric acid on decomposition process and thermal behaviors of calcium carbonate were investigated in non-isothermal condition. Experiments were conducted from the ambient temperature to 1273 K at a heating rate of 10 K min
Introduction
The thermal decomposition of calcium carbonate particles in raw meal has been the subject of intensive study over the years due to its importance in the output and heat consumption of cement clinker of cement industry. A number of researchers reported the use of various additives with target to the effect on kinetic and thermodynamic parameters of the decomposition of CaCO 3 (Hou et al., 2005; Barros et al., 2004; Guan et al., 2004; Chen et al., 2004; Ma et al., 2005; Misra and Boprthakur, 1992; Andradea et al., 2003; Stephan et al., 1999; Kasselouri et al., 1995) . Most of the additives proposed regarded the system CaO-SiO 2 . Such some inorganic additives as LiCO 3 , NaCl, NaF, CaF 2 , MgO etc. had been used to achieve lower temperatures in the formation of C 2 S followed by a decrease of the CaCO 3 decomposition temperature. Some researchers discovered that the use of organic acids as additives can decrease energy consumption during the CaCO 3 decomposition process. The decomposition temperature of organic salts was lower than that of CaCO 3 (Qi et al., 2002) .
In this paper, influences of organic acids such as citric acid, oxalic acid and tartaric acid on the decomposition process of calcium carbonate were investigated by TGA, and the thermal behaviors of calcium carbonate containing different organic acids were also determined by differential scanning calorimetry (DSC). The decomposition kinetic parameters of the mixtures were also determined according to the Coats-Redfern method.
Experiments

Experimental materials
Citric acid, oxalic acid, tartaric acid and calcium carbonate are chemical reagents, which were provided by Shanghai Chemical Reagent Plant.
Experimental methods
The configuration of samples was investigated by using Scanning electron microscope (SEM, JM-840 Scanning Microscope).
Experiments on the decomposition characteristics of the mixtures were performed with a NETZSC STA-449C thermogravimetric analyzer. The furnace was heated at 10 K min À1 from the ambient temperature to 1273 K. The flow rate of gas (80% N 2 and 20% O 2 ) was 20 mL/min. The weight of the sample was monitored continuously as a function of temperature.
Preparation and characterization of mixtures of organic acids and calcium carbonate
Citric acid, oxalic acid and tartaric acid were added in a percentage of 5% w/w in the presence of 70°C warm water for 20 min. The resulting mixtures were dried, ground and then passed through a 100 lm sieve. The SEM-images of the mixtures are shown in Fig. 1 .
As shown in Fig. 1 , some new reaction products are formed on the surface of calcium carbonate particles during the reaction of calcium carbonate with organic acids. Consequently, the mixtures contain calcium organic acid hydrate, organic acids and calcium carbonate.
Kinetics analysis
In this work, the activation energy (E) and pre-exponential factor (A) of the samples are determined by the Coats-Redfern method from an analysis of the thermogravimetric (TG) curves.
The decomposition rate is shown as
where a is the fraction of decomposition of CaCO 3 and k is the rate constant, given by the expression.
For the decomposition of calcium carbonate, fðaÞ can be expressed as following 
If the temperature rises at a constant rate b = dT/dt, Eq. (1) becomes
Then Eq. (4) can be integrated as
In general, RT=E << 1, so Eq. (5) becomes
When ln½À lnð1 À aÞ=T 2 was plotted against 1/T according to Eq. (6), E and A can be determined by linear regression.
Results and discussions
Influence of organic acids on decomposition process of the samples
The TG/DTG profiles of the samples with or without organic acids such as citric acid, oxalic acid and tartaric acid are presented in Fig. 2(a) and (b) .
Decomposition processes of the mixtures containing different organic acids are similar. The decomposition process contains three or four phases with weight loss, but there is only one weight loss during the decomposition of calcium carbonate at 600-850°C. The differences among the mixtures before 600°C may be due to the decomposition of organic acids and calcium organic acid hydrate in the mixtures. Also the final weight loss of the mixtures containing citric acid, oxalic acid and tartaric acid is 48.4%, 45.8% and 49.1%, respectively. But that of pure calcium carbonate is 43.8%.
Influence of organic acids on thermal behaviors of the samples
The DSC profiles of the mixtures are presented in Fig. 3 . The characteristic temperature and decomposition process are demonstrated in Table 1.   Table 2 and Table 3 are presented the energy change of the mixtures during the decomposition process and thermal analysis of the decomposition of calcium carbonate, respectively.
The decomposition processes of the mixtures can be divided into three parts, such as dehydration of organic salts and decomposition of organic acids, decomposition of organic salts and combustion of products, decomposition of CaCO 3 . The corresponding decomposition temperature of CaCO 3 decreases with the incorporation of organic acids. Heat absorption due to the decomposition of the mixtures containing citric acid, oxalic acid and tartaric acid decreases 21.4%, 2.4% and 6.9%, respectively. Moreover, with the incorporation of organic acids, the corresponding temperature of the decomposition peak of calcium carbonate decreases by 4-7°C, which may be due to the combustion of organic products from the decomposition of calcium organic acid hydrate at 370-450°C. And heat evolution of the mixtures increases with the increase of molecular weight of organic acid. Decomposition kinetic characteristics of calcium carbonate containing organic acids by TGA
Decomposition kinetics of the samples
The value of lnðgðaÞ=T 2 Þ is plotted against 1=T by using Coats and Redfern (1964), Sharp and Wentwoth (1969) , Wang et al. (2003a,b) . The linear regression results are shown in Table 4 .
The activation energy of the mixtures containing citric acid, oxalic acid and tartaric acid decreases 34.9%, 28.8% and 31.9%, respectively. The decrease in the mechanism of activation energy may be due to the lower decomposition temperature and heat absorption of the mixtures (as shown in Tables  1-3) , which can reduce the reaction energy barrier of the decomposition process and increase the quantity of activated molecule. And there is a linear connection between the activation energies and pre-exponential factors (lnA = 0.1168E À 7.7472).
Combined with the results of peak temperature of decomposition, heat absorption or evolution and activation energy, the incorporation of organic acids can decrease the heat consumption of decomposition of calcium carbonate.
Conclusions
The decomposition process contains three or four phases with weight loss, but there is only one weight loss during the decomposition of calcium carbonate at 600-850°C. The differences among the mixtures are represented before the zones at 600°C. Also the final weight loss of the mixtures increases to a certain degree with the incorporation of organic acids.
In the zone of 370-450°C, energy is released due to the combustion of organic products decomposed from organic salts, and energy increases with the increase of molecular weight of organic acid.
The activation energy of the mixtures containing citric acid, oxalic acid and tartaric acid decreases 34.9%, 28.8% and 31.9%, respectively. The results agree with that of the change of decomposition temperature of the mixtures. And there is a linear connection between the activation energies and preexponential factors (lnA = 0.1168E -7.7472). 
